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ABSTRACT 


The Radio Astronomy Explorer program at Goddard 
Space Flight Center has pointed out the need for sophisti- 
cated radio astronomy receivers for spacecraft use. De- 
velopment of such a receiver is described with design de- 
tails. The resulting instrument is a feedback radiometer of 
the Ryle-Vonberg type. It measures at nine different fre- 
quencies between 0.4 Me and 10 Me with a 60- db dynamic 
range centered at an antenna temperature of 10 6 °K. The 
incorporation of a novel thermistor- bridge power meter 
yields a long-term measurement accuracy of ±1/2 db. 
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A PRECISION SPACECRAFT RADIOMETER FOR HECTOMETER WAVELENGTHS 


by 

C. R. Somerlock and J. Krustins 
Goddard Space Flight Center 


INTRODUCTION 

Since the birth of radio astronomy, astronomers have tried to measure cosmic noise at the 
low end of the radio spectrum. Below about 10 Me, these measurements have been severely ham- 
pered by the earth’s ionosphere. These inherent difficulties of ground-based low-frequency ob- 
servations have created a new, wide interest in satellite radio astronomy. 

During the last few years, several radio-astronomy experiments have been flown on board 
space vehicles and sounding rockets and have provided interesting and controversial data. In gen- 
eral, all these experiments have used simple instruments and nearly omnidirectional antennas— 
devices whose accuracy, stability, and resolution are poor compared to those used on the ground. 

Because of the need for improved scientific data, it was decided that the Radio Astronomy 
Explorer project at GSFC should encompass "second generation" experiments. That is to say, an 
attempt would be made to improve antenna directivity and measurement accuracy by an order- of- 
magnitude. To provide this type of data for the RAE mission, the experiment instrumentation 
would have to meet the following objectives: 

1. Measure to an accuracy of ±1/2 db, 

2. Respond to a 60-db range of signal inputs centered at 10 6o K, 

3. Measure over a decade span of input frequencies, 

4. Operate for approximately 1 year in the space environment, 

5. Maintain or check calibration during this 1-year lifetime, and 

6. Use little power and space. 

The first three objectives were readily achievable in ground-based instrumentation, but what made 
these specifications unique was the combination of these requirements with the needs for minia- 
turization and long-term unattended operation. Development work on a device to meet these objec- 
tives was begun in mid- 1963 at GSFC and eventually resulted in this radiometer. 


SYSTEM DESIGN 

The most stringent requirement for the device was that it make stable, precise measurements 
unattended, in the space environment over a long time. Because of this requirement for extreme 
stability the basic system chosen was a feedback radiometer of the Ryle-Vonberg type (Reference 
1). In this type of instrument, antenna noise is measured by constant comparison with an internal 
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voltage-controlled, calibrated noise source adjusted by a servo loop to equal in magnitude the 
unknown antenna signal. Because this unit measures by nulling, it is very insensitive to internal 
changes in system gain or bandwidth. Figure 1 is a basic servo-system radiometer block 
diagram. 


t *= RC 


C 



TELEMETRY 


Figure 1 —Basic servo system radiometer. 
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FINE COARSE 


TELEMETRY 

Figure 2— Addition of thermistor bridge to servo 
system radiometer. 


This technique, of course, places the en- 
tire burden of calibration on the internal voltage- 
controlled noise source. Thus— to insure that 
the measurement accuracy would be everything 
that was desired, and to provide some redun- 
dancy in this area— a novel addition was made to 
the standard Ryle-Vonberg system: a stable 

thermistor- bridge power meter was added to 
continuously measure the output power from the 
internal noise source. The desired antenna 
noise measurement is therefore made in two 
ways: (1) by telemetering the noise- source con- 
trol voltage (coarse) and (2) by telemetering the 
output of the thermistor- bridge (fine). These 
two outputs provide redundant information, ex- 
cept that the bridge measurement is inherently 
more stable and precise. Figure 2 shows the 
original circuit with the thermistor- bridge and 
an attenuator added. 

The time constants of these two feedback 
loops were chosen as compromises between a 
rapid response necessary to examine dynamic 
phenomena and a slow response to improve an- 
tenna temperature resolution for the mapping of 
background radiation. Because of the ambient 
temperature-dependence of the coarse telemetry 
output, short-term measurements are more use- 
ful than long-term ones. The 0.1 -second time 
constant of this loop emphasizes the dynamic 
measurements. The fine telemetry signal has 
a longer time constant, of about 0.5 second; this 
reduces the statistical noise superimposed on 
this output voltage and makes for more accurate 
long-term mapping. Although a still longer time 
constant could easily have been provided, an 
upper limit was set by antenna beamwidth and 
rate at which it scans the sky. 
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The RF bandwidth of the receiver is likewise a compromise. Great bandwidths improve sen- 
sitivity and resolution (minimum detectable signal variation), but small bandwidths are less sus- 
ceptible to interference from discrete man-generated frequencies. The 40-kc bandwidth used is 
just under one-tenth of the lowest measurement frequency. 

The resolution of a radio-astronomy receiver is normally defined as the RMS statistical noise 
on the receiver's detected outputs. This is considered the smallest change detectable by "eyeball 
integrating" the chart recording; its value depends on the instrument's bandwidth and time con- 
stant as described by the radiometer equation: 


AT 

T 


YwT' 


a) 


For this instrument, this quantity turns out to be: 


AT ^ 

T = 


V4 x 10 4 x 0. 5 


1 percent . 


However, in an application such as satellite- borne radio astronomy where the radiometer output 
is sampled at a rather low rate, peak noise might be a better resolution criterion than RMS noise 
level, for a single sample. Therefore, the actual resolution AT/T, of the instrument in this appli- 
cation is probably about four times larger, or approximately 4 percent. 

There are many ways to make measurements over a wide frequency range. Here, it was de- 
cided to use a superheterodyne receiver and incorporate separate tuned RF amplifiers and local 
oscillators for each desired frequency. These individual "front- ends" are turned on and off in 
sequence. This technique has the following advantages over a wideband input: 

fewer spurious responses, 

less probability of cross- modulation between signals, and 

redundancy. 

The wide range of input frequencies can also make it hard to eliminate images. Since this device 
was intended to measure wideband noise, it was decided to use a very low-frequency IF and use 
the image as part of the intended input instead of filtering it out. 

Finally, because the dynamic range of the thermistor-bridge is limited to about 20 db, a 
switchable attenuator was provided between the noise-source output and the Dicke-switch input 
at the receiver front end. With associated logic circuits, this attenuator automatically changes 
ranges to provide a total dynamic range of 60 db. The complete radiometer block diagram is 
shown in Figure 3. 
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CIRCUIT DESIGN 


Dicke Switch 

The Dicke switch (antenna switch) that al- 
ternately switches the radiometer input between 
the antenna and the internal noise source is 
basically a single-pole double-throw switch (see 
Figure 23).* It consists of two field- effect tran- 
sistors that are alternately biased on and off by 
out-of-phase 100-cycle square waves. These 
transistors provide excellent isolation between 
the signal path and the switching waveform, thus 
reducing switching transients. These transients 
are also reduced by the low switching frequency, 
which minimizes the harmonic energy from the 
driving square wave that falls in the frequency 
range of the radiometer input. For the same 
reason, the rise time of the 100-cycle square 
wave is stretched to about 1 millisecond. Be- 
cause of the necessity of integrating this 100- 
cycle chopping frequency in the radiometer's 
servo-loop, the low switching frequency places a lower limit of about 0.1 second on the servo- 
system's time constant. 

RF Amplifiers 

The first RF amplifier serves two functions. It provides RF gain, and restricts the frequency 
spectrum of the noise entering the radiometer to a 200- kc band around the frequency of interest. 

A separate tuned amplifier is used for each frequency, instead of a single amplifier (with elec- 
tronically switched tuning elements) for all the frequencies. This method simplifies switching and 
improves system reliability, since the loss of one RF stage means only the loss of that particular 
frequency and not the loss of the whole radiometer. 

There are nine separate first RF stages. The inputs of all nine are connected together, whereas 
the outputs are switched with diode switches to the second RF stage. Power is applied only to the 
stage switched into the radiometer, thus conserving dc power. The other eight stages are not 
biased on and their diode switches are open; this prevents noise at the other frequencies from 
reaching the receiver. 

The individual stages are tuned amplifiers that provide about 30-db RF gain and have about 
25 -db AGC capability. Their bandwidth is about 200 kc and is not critical, since the radiometer 
bandwidth is set by the narrower IF filter. 



RANGE 


Figure 3— Radiometer block diagram. 


♦Figure is a fold-out schematic at end of this paper. 
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The second RF stage is a wideband amplifier providing 10 db of additional RF gain. 


Oscillators 

Crystal oscillators are used so as to provide good frequency stability (Figure 23). Separate 
oscillators are used for each frequency for the same reasons that separate RF amplifiers were 
used: it simplifies switching and improves reliability. The oscillators are connected with diode 
switches to the mixer; bias is supplied only to the stage that is "on." 

Parallel resonant crystals that require a loading capacitance of 32 pf are used. The capa- 
citance used in the feedback network, c 4 and C s , must therefore be low, that is, of high reactance 
at lower frequencies. Because of this, a field-effect transistor was used to provide a high input 
impedance that does not load down the feedback network. Feedback is heavy, to insure oscillation 
if the transistor gain is reduced by aging or environment. The output is tuned to reduce wave- 
form harmonic content. 


Mixer 

The mixer (Figure 23) converts the RF noise down to frequencies between 10 and 30 kc. 
The inputs to the mixer are the local oscillator and a band of noise, 200-kc wide, centered on 


the local- oscillator frequency. The mixer out- 
put contains the difference frequencies between 
the local oscillator and the RF noise input. 
These will range from 1 cycle to about 100 kc. 
The filter in the output of the mixer selects only 
noise in the region 10-30 kc and rejects all 
other frequencies. Since noise on either side of 
the local oscillator will give difference fre- 
quencies in the range 10-30 kc, the mixer is 
sensitive to two 20- kc segments, thus providing 
a total 3-db RF bandwidth of 40 kc (see Figure 
4). This is known as the "zero- IF technique,’ 1 
which eliminates image problems since the 
image is used as part of the signal. A balanced 
mixer cancels out the local -oscillator signal 
and cross -modulation products in the output. 

IF Filter 

The IF filter, determines the RF bandwidth 
of the radiometer. It consists of a low- pass 



Figure 4— Effective RF bandwidth. 
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section with a 30- kc cutoff frequency followed 
by a high-pass section with a 10-kc cutoff fre- 
quency. Both sections are five element Butter- 
worth filters. Figure 5 shows the pass band. 

IF Amplifier 

The IF amplifier is an RC- coupled audio 
amplifier providing about 90-db gain. AGC is 
provided by field- effect transistors AC- coupled 
across the emitter resistors of the first three 
stages. The transistors act as voltage- 
controlled resistors; and therefore they control 
the amount of emitter degeneration in the as- 
sociated stages. Since maximum negative feed- 
back occurs concurrently with maximum AGC 
control, the gain control is very smooth and 
distortion- free. This amplifier (Figure 6) pro- 
duces about 90-db AGC. 

Detectors 

The IF output feeds into two detector stages 
(Figure 24).* These detectors are basically 
similar in design, although one of them demodu- 
lates the 100- cycle modulation produced by the 
Dicke switch and the other senses the average 
level of the signal (and/or reference) and gen- 
erates an AGC voltage. Each detector consists 
of an emitter- follower input amplifier driving 
a collector detector. This is simply a transistor 
amplifier operated in the square- law region of 
its characteristic. The collector circuits of 
these detectors also contain low-pass filters. 
The filter in the audio detector is adjusted to 
pass only the 100-cycle square wave modulation 
(Figures 7 and 8). In the AGC detector, this 
filter sets the AGC time constant to about 0.1 
second. The outputs from these two detectors 
are then amplified by suitable single stage 
amplifiers. 


* Figure is a fold-out schematic at end of this paper. 



Figure 5— IF filter passband. 



Figure 6— AGC characteristic of IF amplifier. 
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Input signal 


Reference oscillator 


(a) Antenna noise > noise source 



Input signal 


Reference oscillator 



(b) Noise source = antenna signal 


Input signal 


Reference oscillator 



( c ) Noise source > antenna signal 


Figure 7— Detector input waveform. 
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Detector output 


Reference oscillator 



(a) Internal noise source < antenna signal 


Detector output 


Reference oscillator 



(b) Internal noise source = antenna signal 



(c) Internal noise source > antenna signal 


Figure 8 — Detector output waveform. 
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Phase-Sensitive Demodulator 

The purpose of the phase- sensitive demodulator (Figure 24) is to detect the magnitude and 
phase of the Dicke- switch modulation on the signal input. The magnitude of this modulation is 
proportional to the comparison error between the input signal and the internal noise source. The 
demodulator therefore generates a dc error signal which is proportional to this error and whose 
sign (positive or negative) is determined by the phase of the modulation. This phase difference 
between the 100- cycle modulation and the reference square wave from the multivibrator can be 
either 0 or 180 degrees, depending on whether the antenna signal or the noise source has the larger 
magnitude. 

The phase demodulator is actually a synchronous clamp to which the 100- cycle modulation is 
ac- coupled. Depending on which half- cycle of this 100- cycle square wave is clamped (phase of 0 
or 180 degrees), either a positive or negative dc voltage is developed on the clamp side of the 
coupling capacitor. 


Integrator 

The error signal from the phase detector is routed into an operational amplifier connected as 
an integrator (Figure 24). This stage provides large dc gain and determines the time constant of 
the servo loop, which is set to about 0.1 second. This time constant was chosen to yield reason- 
ably quick response to signal changes and still manage to smooth the 100- cycle pulses from the 
phase detector. The integrator dc output voltage controls the output level from the radiometer's 
noise source. 

Noise Source 

The noise source consists of a solid-state noise diode and a high- gain, wideband (0.2- to 10- 
Mc) amplifier with variable gain. It generates 10 mw of wideband noise at maximum output. This 
noise is measured by the thermistor bridge and then attenuated and fed into the radiometer front 
end. 


The amplifier is a RC- coupled type with emitter followers between stages. This arrangement 
reduces the loading of the Miller- effect capacitances at the collectors of the common emitter stages 
and results in a broadband amplifier without the use of much feedback. Total amplifier gain is 
down 3 db at 200 kc and 10 Me. The roll-off at high frequencies is due mainly to the output trans- 
former and the gain- control arrangement used. 

Low dc power consumption was an important requirement in designing the noise source; es- 
pecially the output stage, which consumes more power than any other part of the radiometer. A 
transformer is used in the output because of this requirement, even though the bandwidth is slightly 
reduced. The output-stage power consumption is still high because, in order to obtain 10 mw of 
noise without clipping the peaks, the stage must be biased for a large peak-to-peak voltage swing. 
This is because the peak-to-RMS voltage ratio is greater for noise than for a sine wave. 
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The gain- control system chosen uses two field- effect transistors to vary the collector load 
impedance of two amplifier stages. A thermistor provides some temperature compensation. This 
system was selected because its control characteristics fitted well with the feedback- loop require- 
ments, although it has slightly adverse effects on the amplifier bandwidth. 

Range-Attenuator and Logic 

The range attenuator (Figure 24) consists of some fixed pads along with three selectable at- 
tenuator sections of 0-db, 20-db, and 40-db attenuation. These sections are selected one at a 
time by diode switches. 

The correct attenuator is chosen by measuring the noise- source control voltage with two 
Schmidt triggers. These sense when the noise source is out of range— one on the high side and the 
other on the low side. Whenever this occurs, the trigger starts a unijunction clock which steps a 
three- stage ring counter that drives the attenuator- section diode switches. The clock continues 
to step through the three available attenuations until the noise- source control voltage comes back 
in range. 


Thermistor-Bridge 

The real heart of radiometer precision is the thermistor- bridge power meter that samples 
the noise- source output. The bridge uses a feedback comparison technique similar to that used 
in the radiometer itself (see Figure 9), except that the noise- source output is compared with a 
dc reference. 


The thermistor sensing element is (see Figure 24) connected to a bridge circuit involving an 
amplifier, a transformer, and a reference resistor. The feedback is such that with an unheated 
thermistor the bridge will oscillate. The oscillations heat the thermistor and lower its resistance 


RF INPUT 



TELEMETRY 

OUTPUT 


Figure 9— Thermistor bridge block diagram. 


until it closely matches the reference resistor. 
The oscillation then stabilizes and automatically 
adjusts with environmental temperature changes 
to maintain this equality. 

Noise from the noise source is then fed 
through a Dicke switch to the thermistor. As 
the Dicke switch modulates the noise power at 
10 cycles this modulation tries to cause fluctu- 
ation of the thermistor temperature, which in 
turn produces a modulation of the bridge ex- 
citation (see Figure 10). The thermistor re- 
sistance remains constant. 
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'■^SS 


Thermistor excitation 


Reference square wave 


(a) DC reference power = RF input power 


Thermistor excitation 


Reference square wave 


(b) DC reference power ^ RF input power 




Figure 1 0— Thermistor bridge common-mode oscillation. 

The bridge -excitation modulation is synchronously detected and generates an error voltage, 
which causes the integrator to increase or decrease its output, V 0 , until the thermistor is heated 
equally by noise and dc. At this point: 


v 2 

v o 

Noise Power - "p , 

^ref erence 


or conversely: 


V 


o 


f P noisc R ref. 


i 


i 


11 




but since R is constant: 


Vo = k)/P noise 


This measurement is essentially independent of environmental conditions. The system time con- 
stant is about 0.5 second. 


Reference Oscillator 

The 100- cycle reference square wave could easily be generated by an ordinary multivibrator. 
(The multivibrators two outputs automatically have the required 180-degree phase difference.) 
On the RAE spacecraft, however, there are three of these radiometers operating simultaneously. 
To preclude any mutual interference from the Dicke switches, the reference waveforms are all 
derived from the encoder clock (thus assuring synchronization between them). Only one of the 
two required square wave signals is routed from the encoder. The other out-of-phase signal is 
generated by a phase inverter (Figure 24) in each radiometer. 


RESULTANT HARDWARE 

The completed unit is shown in Figures 11 through 17. Chassis No. 1 contains the circuitry 
shown in Figure 23 and Chassis No. 2 contains the circuitry shown in Figure 24. The whole en- 
capsulated unit weighs 3 lbs.; the total power drain is about 900 mw; size of the assembled unit is 
7" x 7" x 3". 




Figure 1 1 —Assembled radiometer. 


Figure 12— Radiometer Chassis No. 1, oblique view. 
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Figure 13 — Radiometer Chassis No. 1, top view. Figure 14 — Radiometer Chassis No. 1, bottom view. 



for the telemetry outputs. The "fine" output is 

the thermistor-bridge calibration curve. The Figure 16— Radiometer Chassis No. 2, top view, 

"coarse" output is the noise- source calibration 

curve. Figures 20 and 21 show the effect of ambient temperature variations on portions of these 
curves. As expected, the fine output is considerably more stable than the coarse. Maximum tem- 
perature variation of the fine over an ambient temperature range of 80°C is about ±1/2 db. This 
is the same order of magnitude as the instantaneous peak noise on the output signals (determined 
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-JOISE INPUT (db above 1 .03 K) 
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Figure 21— Typical coarse output variation 
with temperature. 


Figure 22— Automatic calibrator. 


by the RF bandwidth and integration time constants). Power-supply voltage variations of ±10 
percent do not measurably affect calibration. 

Since calibration of one of these radiometers over a 60-db input range for nine frequencies, 
three ambient temperatures, and both telemetry outputs involves over 3000 data points, it soon 
became evident that manual methods were inadequate. Therefore, an automatic calibrator was 
assembled (Figure 22); this puts the radiometer through its paces and punches the resulting data 
on IBM cards. These can be fed to a digital computer for curve plotting, synthesizing calibration 
equations, or organizing tables for data -reduction processing. 

At the time of this writing, the RAE satellite has not been launched; however, some in- space 
experience has been accumulated. An early version of this radiometer was placed in orbit recently 
on board ATS-A; during the few months of operation it has lived up to all expectations. 


Goddard Space Flight Center 
National Aeronautics and Space Administration 
Greenbelt, Maryland, October 18, 1967 
697-01-01-01-51 
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